Introduction
Smallholder farming systems of southern Africa are characterized by mixed crop and livestock production (Valbuena et al., 2012; Duncan et al., 2013) . Crops are multi-purpose as they are a source of food and income, but also provide residues that are used as dry season feed for livestock (Homann-Kee Tui et al., 2013; Mupangwa and Thierfelder, 2014) . Often crop residues are left in the field after harvest and livestock graze them in-situ during the dry season (Rusinamhodzi et al., 2013) . Cereal residues are also used for bedding in livestock pens (locally called kraals), construction and as a source of fuel (Jaleta et al., 2015) . In most instances smallholders are not producing enough biomass quantities to meet livestock feed requirements in mixed farming systems (Duncan et al., 2013) . This is mainly attributed to low crop productivity on highly degraded granitic sandy soils with low organic matter content, micronutrient deficiencies and low input use (e.g. mineral fertilizer) on smallholder farms (Twomlow et al., 2006; Jayne et al., 2010; Nyamangara et al., 2013) .
Conservation agriculture (CA)-based crop management systems have shown great potential for improving crop productivity on smallholder farms (Kassam et al., 2009; Wall et al., 2013; Thierfelder et al., 2015) . The CA-based cropping systems involve the use of minimum soil disturbance, crop rotation and permanent/semi-permanent soil cover through crop residue retention or cover crops which should be applied in a mutually reinforcing manner to make use of their synergistic effects within the system (FAO, 2015) . The challenges to adapt CA to the circumstances of smallholder farmers have received significant attention (Giller et al., 2009; Andersson and D'Souza, 2014; Palm et al., 2014; Pittelkow et al., 2014) . While minimum soil disturbance seems to be a CA principle that is easily adopted by farmers, residue retention and crop rotations are more difficult to achieve and are closely bound to social and economic factors in the smallholder sector (Mazvimavi and Twomlow, 2009) .
Crop yield responses in CA or no-till (NT)-based cropping systems have been variable, with positive yield increases observed in some studies and yield reduction observed in others (Rusinamhodzi et al., 2011; Nyamangara et al., 2014; Kitonyo et al., 2018) .
In semi-arid areas no maize yield gains were observed when up to 10 t ha −1 residue biomass were applied as soil cover (Mupangwa et al., 2007) . Elsewhere, higher maize, wheat and rice yields have been reported in CA systems with crop residue soil cover (Verhulst et al., 2010; Jat et al., 2013; Lal, 2015) .
Crop yield responses to CA or NT-based cropping systems with maize residue soil cover are dependent on the seasonal rainfall patterns (Rusinamhodzi et al., 2011; Mupangwa et al., 2012; Kitonyo et al., 2018) . Crop yield and soil water benefits from residue cover in CA or NT-based cropping systems can be limited in different agro-ecological zones of southern Africa (Mupangwa et al., 2007; Masvaya et al., 2017; Kitonyo et al., 2018) while significant gains can be achieved in others (Ngwira et al., 2012; Mupangwa et al., 2016b) . Higher soil quality and crop yield benefits from CA or NT-based cropping systems are observed when crop residues management is associated with minimum tillage and mineral nitrogen (N) fertilizer application (FAO, 2002; Kitonyo et al., 2018) . However, CA or NT-based cropping systems in southern Africa are being promoted with a minimum soil cover of 30% (approximately 2-3 t ha −1 of crop residue biomass), which is based on findings from regions outside southern Africa (FAO, 2002) . Additionally, appropriate mineral N fertilization rates for CA/NT cropping systems need to be developed for the different agro-ecological regions of southern Africa.
Negative effects of retaining crop residues have been reported especially in the initial years of conversion from conventional to CA and NT-based cropping systems (Lal, 2015; Pittelkow et al., 2015) . Crop residues with a wide C:N ratio (>42:1) can lead to N immobilization, depending on the soil type and rainfall regime (Giller et al., 1997; Gentile et al., 2009; Masvaya et al., 2017) . This is caused by the increased biological activity in the soil when crop residues are retained (Gentile et al., 2009; Habig and Swanepoel, 2015) . Mineral N immobilized during part of the season can become available as the growing season progresses (Masvaya et al., 2017) .
Leaf chlorophyll concentration is one index that can be used to assess soil N supply to growing plants during the growing season (Pandey et al., 2000; Liu and Wiatrak, 2011) . Leaf chlorophyll content in maize can vary with tillage practices used, growth stage of plants and the quality of seasonal rainfall pattern (Hlatywayo et al., 2016) . Previous studies have shown that maize plants grown under CA-based systems can have lower leaf chlorophyll content compared to conventionally ploughed systems (Hlatywayo et al., 2016; Mupangwa et al., 2016a) .
Currently there is limited information on the appropriate quantities of maize residues and mineral N fertilizer that should be applied in CA/NT-based cropping systems to increase crop yields on smallholder farms. In this study it was hypothesized that (1) different maize residue biomass and N fertilizer levels will increase maize leaf chlorophyll content, (2) different maize residue biomass levels with or without mineral N fertilization will increase grain yield, and (3) the effect of different maize residue biomass levels on grain yield is dependent on seasonal rainfall pattern. The objectives were to determine (1) the effect of different maize residue biomass levels combined with N fertilizer on maize leaf chlorophyll content, (2) the effect of different maize residue biomass levels with or without N fertilization on maize grain yield, and (3) the effect of different maize residue biomass levels on grain yield under different seasonal rainfall patterns. cover a wide range of soil types and climatic conditions in southern Africa (Table 1) .
Material and methods

Description of experimental sites
Experimental design and description of treatments
The experimental designs used in this study varied with experimental site and year. Monze Farmer Training Centre, MRS, SRS and NURS sites had a randomized complete block design (RCBD) throughout the period of experimentation. Domboshawa Training Centre and UZ farm had RCBD in 2008 . From 2012 to 2014 a split plot RCBD design was used at DTC and UZ sites when N sub-treatments were introduced and superimposed on the maize residue level main treatment (Table 2) . Makoholi site had RCBD in 2009 RCBD in , 2010 RCBD in , 2011 RCBD in and 2012 . In 2013 and 2014 a split plot RCBD was used when N subtreatments were superimposed on the different maize residue biomass levels. At CRS in Malawi, RCBD was used in 2011 only and a split plot RCBD design was used from 2012 to 2014 with the main treatment being maize residue biomass level and N rates as sub-treatments. The treatments were replicated 3-5 times depending on space available at each experimental site. The six main treatments tested at each site consisted of CA-based seeding with different levels of maize biomass residues applied at the onset of each cropping season. In all the sites, the control treatment was the one that had no maize residues applied. When N sub-treatments were introduced at DTC, UZ Makoholi and CRS sites (Table 2 ), the control treatment had a combination of 0 t ha −1 residue cover and 0 kg N ha
. The residues treatments were: An animal traction Magoye ripper [a ripper tine attached to a beam of a conventional plough (VS 100)] or a hoe (at CRS), was used for opening planting furrows (10-15 cm deep) for all CA treatments at the onset of each rain season (Supplementary Plate 1). At UZ, basins were prepared with a hand hoe during the dry period. Maize residues from the previous harvested crop and any remaining residues applied as soil cover in the previous season were removed before applying new maize residues, weighed according to treatment, at the onset of each season in all CA treatments. The maize residues used at each site consisted of a mixture of stalks and leaves from the previous season. At all experimental sites the plot size was 7.2 m (8 rows) × 6 m. ). Planting was done after receiving the first effective rains, from mid-November to the end of December in most seasons, across the four countries. Pristine maize variety was grown at DTC, UZ, Makoholi, MFTC, NURS and SRS sites. Pan 53 and MRI 624 were grown at CRS and MRS, respectively.
Experimental management
Basal fertilizer was applied during seeding at all experimental sites used in this study but the amount depended on the experimental layout and the formulation of the fertilizer available in the respective country. Fertilization rates used in the study were based on the national recommendations for each country. Plant nutrients supplied by basal and topdressing fertilizers used at all sites are summarized in Table 3 . For the years without N sub-treatments, blanket topdressing fertilizer was applied at 250 kg ha −1 in Malawi and Zimbabwe. However, after the introduction of N fertilizer levels in Malawi and Zimbabwe, topdressing was applied in the form of urea (46% N) and ammonium nitrate (34.5% N) so that the amount of N supplied would add up to that required for sub-treatments 2 and 3 accordingly. In Mozambique and Zambia topdressing fertilizer was applied at a rate of 200 kg ha −1 . At all sites and in all seasons, topdressing was applied 5 and 7 weeks after crop emergence. Nutrient analyses in maize residues used for soil cover were done for DTC and UZ sites only. Total N in maize residues averaged 9.6 g kg −1 and 11 g kg −1 at DTC and UZ sites, respectively (Mhlanga, 2015) . Phosphorus content in the maize residues was 0.22% at UZ and 0.61% for DTC.
Initial weed control in CA treatments was done using glyphosate [N-(phosphono-methyl) glycine] applied at 2.5 l ha −1
(1.025 l ha −1 active ingredient) at seeding followed by manual hoe weeding whenever weeds reached 0.1 m height or 0.1 m in radius for those with a stoloniferous growth habit. Pests such as maize stalk borer (Busseola fusca Fuller) were controlled by applying Dipterex (Trichlorfon) whenever necessary at a rate of 1.6 kg ha −1 applied in granular form into the maize funnel.
Data collection
Daily rainfall during the growing season Daily rainfall was collected manually using a plastic rain-gauge mounted at 1.5 m above ground level. Rainfall collected over a 24 h period at each site was recorded every morning at 08.00. 
Maize leaf chlorophyll content
In vivo chlorophyll content of maize plant leaves was measured using a portable chlorophyll meter (SPAD-502, Minolta, Tokyo, Japan) at DTC and UZ sites. Leaf chlorophyll content was measured weekly from five randomly selected and permanently tagged plants per plot on the uppermost extended leaf of each plant. Measurements were taken starting from 7 weeks after seeding until the early reproductive stage of the maize crop. One measurement for chlorophyll content was taken from each tagged leaf on each day measurements were taken.
Maize grain yield
Maize grain yield was measured from a net plot consisting of four rows by 5 m. Field weight of cobs was recorded before taking ten cobs for moisture correction and to determine the shelling percentage of the maize. The maize cobs were air-dried for 5 weeks before measuring grain moisture content. Grain moisture content was recorded using a grain moisture meter (mini GAC® moisture tester DICKEY-John, USA). Maize grain yield was calculated to a hectare basis at 12.5% moisture content.
Statistical Analyses
Leaf chlorophyll content under different maize residue biomass and N treatments For DTC and UZ sites, the effect of different residue biomass and N levels on the chlorophyll content of maize leaves was explored. The mean of chlorophyll content measured during peak vegetative stage was used in the analysis. As indicated in Equation 1, N rate was modeled as sub-plot factor, while residue biomass level was fitted as the main plot factor in a split plot design using R (R Core Team, 2017) .
Where Y ijk is transformed or untransformed chlorophyll content of maize leaves, ML i is the i th level of mulch, RF j is the j th amount of seasonal rainfall and NR k is the k th level of N. NR k(i) is the k th rate of N nested within the i th mulch level. Constants α, β, γ, μ, σ and τ are coefficients of main and interaction effects, while ε is the residual of the model.
Maize yield responses to different residue levels
The linear mixed model was applied to assess the effect of maize residue biomass levels on grain yield in each season from 2008 to 2011. In each season residue biomass levels were modeled as fixed factor and replicate as a random factor. The yield data were analyzed using GenStat Release version 6.1 (Payne et al., 2002) . To explore more extensively the effect of different residue biomass levels on maize yield across the years of experimentation, generalized linear mixed model (GLMM) was applied using R (R Core Team, 2017). Residue biomass levels, seasonal rainfall and duration of mulching were modeled as fixed effects, while replications were modeled as random effects. All the variables were modeled nested within seasons. Separate models were fitted for different countries and sites within countries to account for high between country and inter-site variabilities using R (R Core Team, 2017). We log-transformed or square-root-transformed when data did not satisfy the parametric assumption (Equation 2).
Where, Y ijkl is transformed or untransformed maize grain yield, ML i is the i th level of mulch (t/ha), DR j is the j th duration of mulching (years), RF k is the k th amount of seasonal rainfall (mm). YR l(ij) is the i th level of mulch and the j th duration of mulching nested within the l th season. Constants α, β, γ, δ, μ and σ are coefficients of main and interaction effects, while ε is the residual of the model. 
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Maize yield responses to different residue levels and N fertilizer To assess the effect of different residue biomass and N levels on grain yield at DTC, UZ, Makoholi and Chitedze in 2012, 2013 and 2014, residue biomass level and N fertilizer were modeled as fixed factors and replicates as random factor in a linear mixed model in each season using GenStat Release version 6.1 (Payne et al., 2002) . To explore more extensively the effects of different residue biomass levels with N fertilizer superimposed across different years, the GLMM with a split plot design was used to assess the effects of these treatments on maize yield using R (R Core Team, 2017). Duration since the mulching treatment started, seasonal rainfall amount, residue and N levels were modeled as fixed effects (Equation 3). Replication and site were modeled as random effects.
ere Y ijkl is transformed or untransformed maize grain yield, ML i is the i th level of mulch, DR j is the j th duration of mulching, RF k is the k th amount of seasonal rainfall, and NR l is the l th rate of N. NR l(i) is the l th N level nested within the i th mulch level. Constants α, β, γ, δ, μ, σ and τ are coefficients of main and interaction effects, while ε is the residual of the model.
Results
Seasonal rainfall patterns
Seasonal rainfall was dominated by amounts of less than 10 mm per day at all sites during experimentation. The 10-20 mm per day was the next dominant rainfall range and these daily amounts were mainly distributed between December and February in each growing season (Fig. 1) . Rainfall amounts of more than 40 mm per day were recorded on a few occasions and one rainfall event of 100 mm, received at DTC in 2011, was the highest daily amount recorded during experimentation. Most dry spells (i.e. consecutive days with no rain) occurred during the late flowering and grain filling stages of the maize crop grown at experimental sites. The longest dry spell lasted 39 days in 2011 at Monze in Zambia and the shortest dry spell was 16 days at Ntengo Umodzi in Mozambique. At the semi-arid Makoholi site, each season experienced at least one 14 day dry spell between 2011 and 2014.
Leaf chlorophyll content at DTC and UZ sites
At DTC site, different residue biomass levels had no significant effect on leaf chlorophyll content at flowering stage of maize in 2013 and 2014 seasons (Supplementary Table 3; Table 4 ). Nitrogen fertilization significantly increased leaf chlorophyll content during the flowering stage in both seasons (Table 4 ). In 2013 residue biomass levels and N fertilization had no significant effect on leaf chlorophyll content at UZ site (Supplementary Table 3;  Table 4 ). In 2014 the residue biomass level × N interaction had a significant (P = 0.04) effect on leaf chlorophyll content at UZ site (Supplementary Table 3 ). In that season leaf chlorophyll content decreased with increase in residue biomass level at 0 kg N ha −1 treatment (Fig. 2) . Under 2, 4, 6 and 8 t ha −1 residue biomass levels, N fertilization increased leaf chlorophyll content. At 4, 6 and 8 t ha −1 maize residue level, 90 kg N ha −1 treatment had higher leaf chlorophyll content compared with 30 kg N ha 
Maize yield responses to different residue levels
Maize residue soil cover increased grain yield in six out of 28 siteyears across the sites. At DTC site, maize residue biomass cover significantly influenced grain yield in 2010 and 2011 only (Fig. 3) . Grain yield was higher in the first two seasons (2008 and 2009) compared with the follow-up seasons, a trend showing a decrease in yield over time (Fig. 3) . In 2011, which was the fourth season of experimentation and characterized by poor rainfall distribution, grain yield increased with increase in residue biomass level applied. Across the years, 2 t ha −1 residue biomass level had the lowest (P = 0.033) grain yield compared with the other treatments ( Supplementary Table 4; Fig. 3 ). There was no residue biomass level × rainfall interaction across the years at DTC. In 2008, different residue biomass levels suppressed yield while in 2009 grain yield increased with increase in soil cover levels up to 4 t ha −1 at the UZ site (Fig. 3) . Across the years different residue biomass levels × rainfall interaction significantly (P = 0.022) influenced grain yield (Supplementary Table 4 ; Fig. 3) . At Makoholi grain yield was influenced (P = 0.029) by residue level × rainfall interaction. Grain yield was higher under 6 and 8 t ha Table 4 ). In 2011, a growing season characterized by rainfall concentrated in the first 2 months, 6 and 8 t ha −1 residue levels suppressed grain yield compared with 0, 2 and 4 t ha −1 treatments at MFTC (Fig. 3) . However, grain yield increased with increase in residue level in 2014, a year that had low seasonal rainfall. Maize yield decreased (P < 0.001) with an increased duration of experimentation (Supplementary Table 4 ; Fig. 3) . The effect of different residue biomass levels on grain yield depended on the seasonal rainfall at MRS. In 2013 season with >800 mm of rainfall, 4 t ha −1 treatment had significantly higher yield compared with 2 and 6 t ha −1 soil cover. Grain yield decreased with increase in residue level in 2014 which received >1000 mm seasonal rainfall. Grain yield decreased with time at both sites, a trend which was similar to results from sites in Zimbabwe. In Malawi, residue biomass levels had no significant effect on yield (Supplementary 5; Fig. 3 ). There were no linear relationships between grain yield and residue biomass levels applied at MFTC, MRS and CRS.
In Mozambique, residue biomass levels influenced (P = 0.003) grain yield at Sussundenga in 2011 only (Fig. 3) . In that year 4 t ha −1 treatment had significantly lower yield compared with 2 and 6 t ha −1 treatments. Across the years different residue biomass levels had a similar effect on grain yield. At NURS, residue cover increased maize yield in one out of 2 years. The residue biomass levels × rainfall amount interaction had a significant effect on grain yield (Supplementary Table 5 ). In 2013 with 1240 mm of rainfall, 8 t ha −1 significantly reduced grain yield. In 2014 with lower seasonal rainfall, yield increased with increased soil cover from 2 to 8 t ha −1 (Fig. 3) . Overall grain yield increased with mulching across the two seasons.
Maize yield responses to different residue levels combined with N fertilizer
Maize residue cover increased grain yield in two out of 11 siteyears. At DTC site, residue biomass levels significantly (P = 0.005) influenced grain yield in 2014 and 4-6 t ha −1 treatments had the lowest yield (Table 5) . The 4 and 6 t ha −1 treatments had lower yield compared with the 0 t ha −1 control. Across the years, residue level and rainfall interaction influenced grain yield at DTC (Supplementary Table 6 ). Grain yield was not affected by residue levels in 2012 and 2013 which received 748 and 767 mm rainfall that was below the average for DTC (Tables 1 and 5 ; Fig. 1 ). However, grain yield decreased with increase in residue biomass level in 2014 which also received below average rainfall (668 mm). Nitrogen fertilizer increased grain yield across residue biomass levels in each year and across the years (Table 6; Supplementary Table 6 At UZ site, residue levels increased maize yield in two out of three years. There were significant residue biomass level × rainfall and residue biomass level × N interaction effects on grain yield (Supplementary Table 6 ). In 2012 with 774 mm of rainfall, 8 t ha −1 treatment had significantly lower grain yield compared with the other residue biomass levels (Table 5 ). In 2013 and 2014, with 684 and 825 mm of rainfall, grain yield increased with increase in residue biomass level (Table 5 ). The residue biomass level × N fertilization interaction significantly influenced grain yield in 2014 (Fig. 4) . Under 0 t ha −1 treatment, grain yield decreased with increase in residue biomass level. Under the same residue treatment, 30 and 90 kg N ha −1 had a similar effect on maize grain yield. Under 2, 4, 6 and 8 t ha −1 treatments 30 and 90 kg N ha −1 had higher grain yield compared with the 0 kg N ha −1 control. There was a yield gain achieved by increasing N rate from 30 to 90 kg ha −1 under the 6 t ha −1 residue level treatment (Fig. 4) . There was a significant residue biomass level × N interaction across the years at the UZ site (Supplementary Table 6 ; Fig. 5 ). Without N fertilization 6 and 8 t ha −1 residue Table 6; Tables 5 and 6 ). At Makoholi site, different residue Tables 6  and 5 ). Nitrogen fertilization increased grain yield with 90 kg N ha −1 having a higher yield than the 30 kg N ha −1 treatment (Table 6 ).
At Chitedze residue biomass level × rainfall interaction had a significant (P = 0.0217) effect on grain yield across the years (Supplementary Table 6 ). Grain yield was lowest in 2014 with 775 mm of rainfall compared with 2012 and 2013 that had 854 and 860 mm, respectively (Table 5 ; Fig. 1 ). Across the 3 years, 4 t ha residue biomass levels, respectively. Grain yield increased with N application and, 30 and 90 kg N ha −1 had a similar effect on grain production in all seasons (Supplementary Table 6 ; Table 6 ). The relationship between maize grain yield and mineral N rates applied was significant (P < 0.05) but weak at the four experimental sites.
Discussion
Effect of residue biomass levels and N fertilizer on maize leaf chlorophyll content Chlorophyll content varied depending on the quantity of maize residues and N fertilizer applied. On DTC sandy soil, 2-8 t ha −1 maize residue biomass amounts had a similar effect on leaf chlorophyll content without N fertilization. This suggests that there was no significant N immobilization as residue cover increased on the sandy soil despite differences in the rainfall pattern experienced during the two seasons. However, with and without N fertilization, maize leaf chlorophyll content decreased with increase in maize residue biomass level at UZ clay soil in 2014, a season that was characterized by incessant rains during the maize vegetative and flowering stages. A significant decrease in leaf chlorophyll with 6 and 8 t ha −1 residues suggests that more soil N was immobilized at higher maize residue biomass levels compared with 2 and 4 t ha −1 treatments. A study by Hlatywayo et al. (2016) showed that maize leaf chlorophyll content is lower in CA systems compared with conventional tillage particularly early in the cropping season. The presence of crop residues on the soil surface induces increased microbial activity in the soil (Habig and Swanepoel, 2015) . As the maize residues decomposed, microorganisms extracted available soil N for the decomposition process to happen. Thus, the higher the maize residues applied, the more available soil N was immobilized. The C:N ratio of maize residues ranges between 52 and 75:1 (Sakala et al., 2000) and soil N is required to decompose such low-quality material because more N is needed to go with the surplus C in such material (Hadas et al., 2004; Gentile et al., 2009) . Studies by Gentile et al. (2009) showed that plant materials with C:N ratio of greater than 42 often cause immobilization of soil N by microorganisms. More N from external sources or from rotations with leguminous crops may therefore be required to offset the effects of N immobilization on plant growth.
The effect of different residue levels on leaf chlorophyll content varied between sand and clay soils. The decrease in leaf chlorophyll content with an increase in soil cover and without N fertilization was more evident on clay soil compared with sands. Soil type is often one of the determinants for which decomposers (e.g. bacteria and fungi) will be present in a given soil environment (Girvan et al., 2003) . Clay soil tends to have more microorganisms because it has higher organic matter content than light textured soils (Berg and Smalla, 2009) . The soil at the UZ site had the highest SOC and clay content ( Table 1 ). The increased immobilization in the clay soil at UZ site suggests the presence of a higher population of decomposers in the soil, hence the increased demand for available soil N to degrade the maize residues (Verhulst et al., 2010) . In Malawi, Sakala et al. (2000) observed a longer duration of N immobilization in a heavy textured soil after incorporating maize residues compared with sandy soil. Soil N immobilization could be reduced by removing part of the harvested crop residues without compromising the yield of the next crop, mixing cereal and legume residues as mulch to regulate release of N during the cropping season, and application of more N containing fertilizers (Sakala et al., 2000; Rusinamhodzi et al., 2011; Mupangwa and Thierfelder, 2014) .
Fertilization with mineral N increased leaf chlorophyll content, suggesting more soil N was available for plant uptake. This is consistent with results from Muchow and Davis (1988) who observed increased maize leaf N content in response to mineral N fertilization. On sandy soils, the decrease in chlorophyll content without N fertilizer at higher maize residue biomass levels was not evident in this study. Reduced N immobilization with increases in maize residue biomass levels at DTC could be a reflection of low microbial populations under the low organic carbon status of the sandy soils (Table 1 ). Organic C is the source of food and energy for soil micro-organisms and soils with low organic carbon often have low populations and limited species richness of soil microorganisms (Habig and Swanepoel, 2015) . With immobilization occurring due to maize residue biomass soil cover, the supply of N to growing plants is reduced, therefore it is paramount that available soil N be increased through external nutrient sources, particularly on clay soils. When N sub-treatments were applied, 30 kg N ha −1 reduced N immobilization that could have occurred under 2-8 t ha −1 treatments on the sandy soil. This implies that increasing N level to 90 kg ha −1 might not bring additional gain towards plant growth under the rainfall and soil conditions experienced at DTC in 2012-2014 seasons. On the clay soil, 30 kg N ha −1 was not adequate to reduce N immobilization at higher maize residue biomass levels when soil moisture was not limiting. Additional N is therefore required to offset N immobilization on heavy textured soil in seasons with normal to above normal seasonal rainfall amounts. This was confirmed with 90 kg N ha −1 treatment that still showed significantly lower chlorophyll content at 6-8 t ha −1 compared with the 0-4 t ha −1 maize residue biomass levels. The importance of rainfall distribution on responses to N, especially on the clay soil, was confirmed by chlorophyll content results from 2013 and 2014 seasons that had almost similar seasonal rainfall totals. Unlike in 2013 season, rainfall pattern in 2014 had short dry spells between December and March, and this could have created favorable conditions for maize plant growth but also for soil microbes to be active and take up more available soil N, resulting in increased competition for the nutrient.
Effect of different residue levels and N on maize yield
Maize yield responses to mulching were quite variable and rainfall-dependent at some of the experimental sites. In a few instances grain yield decreased with increase in maize residue biomass level, a result that is consistent with leaf chlorophyll content results at DTC and UZ. Higher maize residue biomass levels induced an increased demand for soil N by decomposers in the soil thereby depriving growing maize plants of N. Maize is sensitive to N availability during the vegetative and reproductive growth stages (Lemaire et al., 1996) . During these maize growth stages immobilization was observed and this was reflected by low chlorophyll content in the January-March period during the growing season. Chlorophyll content is often related to crop yields (Wood et al., 1993) and reduced N supply, reflected by low chlorophyll content, therefore retards plant growth resulting in low yields (Blackmer and Schepers, 1996) .
Maize yield responses to different residue biomass levels were limited across the different agro-ecological regions used in the study. Grain yield responses were site and rainfall dependent, and there were no responses to soil cover in the majority of the growing seasons. The results concur with the findings of Kitonyo et al. (2018) from a study conducted under the subhumid conditions of Kenya. With such limited positive maize yield responses to crop residue soil cover, the practice of mulching in CA/NT systems could be targeted at improving soil quality and fertility, and biodiversity as well as conserving the soil resource base through reduced erosion (Muchabi et al., 2014; MlozaBanda et al., 2016; Martinsen et al., 2017) . Additionally, for mulching purposes at the farm, testing alternative strategies for providing soil cover could be explored for the smallholder CA/ NT-based cropping systems (Mupangwa et al., 2016a) . In the reported study, maize yield responses to residue biomass cover could have been limited because no rotations or intercropping of maize with legumes were included during experimentation.
Different maize residue biomass levels had no significant effect on grain yield at semi-arid Makoholi and Monze sites which naturally receive low seasonal rainfall. Based on the rainfall received at those sites, particularly Monze, soil moisture was not the major limiting factor for maize growth in the majority of the seasons, hence no yield benefit was derived from maize residue biomass cover. Other studies from sub-Saharan Africa confirm this lack of response to mulching even in cropping seasons with erratic rainfall patterns (Mupangwa et al., 2012; Corbeels et al., 2014; Masvaya et al., 2017) . The general decline of grain yields with increased duration of experimentation observed at all sites could partially be explained by differences in seasonal rainfall patterns. However, Masvaya et al. (2017) suggest that this could be due to reduced N mineralization because of minimum soil disturbance and mulching practices under NT systems.
Lack of maize yield increases due to residue biomass mulching at Sussundenga can be attributed to the early removal of crop residues by termites in most seasons. Maize residues were all degraded by termites before the middle of the cropping season. Nyagumbo et al. (2015) highlighted that high termite activity is a major challenge in CA systems that are being promoted on smallholder farms in some sites of central Mozambique where SRS is located. At the UZ clay soil site with close to 1000 mm seasonal rainfall, maize yield decreased with increase in maize residue biomass level, further highlighting the fact that soil N immobilization can have a great impact on maize production in some seasons depending on the seasonal rainfall pattern.
Maize yield was increased by N fertilization regardless of the amount of maize residue biomass cover applied. Nitrogen is a critical nutrient for plant growth and maize requires more N during vegetative and reproductive growth phases (Muchow, 1988; Muchow and Davis, 1988) . Application of 30 and 90 kg N ha −1 gave similar maize yield in most seasons. This suggests that a smallholder farmer achieves no additional grain yield gain with 90 kg N ha −1 and they can therefore target 30 kg N ha −1 investment in mineral fertilizer. In a mulched NT system under semiarid conditions, a study by Masvaya et al. (2017) showed that 40 kg N ha −1 gives the highest yield with above average seasonal rainfall. Under sub-humid conditions of Kenya, results from Kitonyo et al. (2018) showed that 80 and 120 kg N ha −1 give similar maize yield under 3 and 5 t ha −1 soil cover.
Conclusion
Increasing mulching levels reduced soil N uptake, reflected by chlorophyll content, in the maize plants particularly on the clay soil. Maize residue cover increased grain yield in eight out of 39 site-years across the seven experimental sites. Maize yield gains due to mulching were very limited even in low rainfall locations. Smallholder farmers can therefore apply relatively low levels of maize residue biomass, 2-4 t ha −1 or even less, in CA/NT-based cropping systems. Results of this study highlight that residue soil cover alone with maize stover is insufficient for a productive CA/NT system. The rotational component and increased N input through leguminous crops could be options to overcome N immobilization and increase productivity.
The effect of residue biomass soil cover on maize yields depends on the seasonal rainfall pattern. Lower maize yields at high residue biomass level, particularly on clay soil, suggests that soil N was immobilized. Smallholders practicing CA/NT need to invest in more mineral N fertilizer in seasons with high rainfall to offset soil N immobilization. Mineral N increased maize yield in the CA/NT systems in all seasons. Application of 30 and 90 kg N ha −1 can offset N immobilization and give similar maize yield benefit. Smallholders practicing CA/NT can therefore target investing in 30 kg N ha −1 . The limited maize yield gain from maize residue biomass cover under CA/NT suggests smallholders may utilize parts of the crop residues more efficiently for livestock feeding during the feed shortage months of September-November on smallholder farms. Maize yield response to residue biomass soil cover could change if other crops (e.g. legumes and non-legumes) are included in the rotation with maize, or different types of mulching plant materials (e.g. leguminous rotational crops, leaves from leguminous shrubs or trees), and soil fertility management options (e.g. livestock manure) are used in CA/NT systems tested. For CA/NT systems, new strategies of providing soil cover should be explored and cover crops could be an attractive option because these crops can also improve soil fertility in the cropping system and provide livestock feed. Future studies are therefore needed to better understand soil N patterns in CA/NT systems under different soil types and rainfall regimes in southern Africa.
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